A conductivity column-type apparatus was built and tested for measuring the thermal conductivities of gases at high temperatures and at high pressures. Two columns of different lengths were used in order to minimize end effects. The temperature and pressure limits were established below which multicellular convection cells did not form inside the column. The thermal conductivities of argon were measured in the temperature range 400 to 750 K and in the pressure range 0.1 to 8 MPa. The data were correlated by the expression (2) with results of viscosity measurements by means of the Eucken factor, and (3) with theoretical predictions based on a model for nonattracting rigid spherical molecules.
I. INTRODUCTION
Only a small fraction of the existing measurements of thermal conductivities of gases have been taken both at high temperatures and at high pressures. The majority of the experimental data reported in the literature were obtained at approximate atmospheric pressure (0. 1 MFa). As the pressure increases, the number of data available proportionately decreases. This is likely due to the difficulties encountered during high temperature-high pressure experiments. The objective of this investigation was therefore to design an apparatus capable of measuring accurately thermal conductivities of gases at high temperatures and at high pressures, and to use the apparatus to measure the thermal conductivities of selected gases.
A conductivity column type apparatus was used in this investigation. The recent, successful use of this type of apparatus for measuring the thermal conductivities of gases at high temperatures and at low pressures (-O. 1 MPa) (e. g., see the summaries in Refs. 1 and 2) warrants its extension to measurements at high temperatures and at high pressures.
Description of the apparatus and data for argon are presented here. Data for ethylene and propane are given in the following paper.
II. EXPERIMENTAL
In the tests conducted, the heat transfer Qm from a fine tungsten wire filament suspended coaxially in a vertical cylinder was measured. In such an arrangement, often referred to as a conductivity column, heat is transferred from the filament by conduction QA' by radiation Qr, by convection through the gas Qe, and by conduction through the ends of the filament Q e : (1 ) To determine the thermal conductivity, the amount of heat conducted through the gas QA must be known. In order to determine QA from the measured value of Qm, the values of Qr, Qe, and Qe must be known. As is explained in Sec. III, Qr and Qe can be estimated. The amount of heat loss from the filament due to convection must be minimized or eliminated.
Due to the temperature difference between the filament and the outer cylinder, the gas moves upward near the filament and downward in the outer portion of the column. In addition to this "primary" motion, multicellular convection may also occur inside the column. It has been shown 3 that, in the presence of only the primary motion, the heat convected from the filament becomes negligible compared to the conductive heat transfer at some distance from each end of the column. This distance (referred to as penetration depth) can be approximated by3
where D is the inner diameter of the outer cylinder and Ra is the Rayleigh number defined as Ra=gp2~IU ~I .
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g is acceleration due to gravity, IlT is the temperature difference between the filament and the inside diameter of the outer cylinder, p is the denSity, TJ is the viscosity, c, is the specific heat at constant pressure, A is the thermal conductivity, and T is the average temperature of the gas. 4 In order to select the inside diameter of the outer cylinder (column), two opposing requirements had to be met. First, it was necessary that the inside diameter be small enough to ensure a small value of Z, [Eq. (2) ]. Second, the diameter had to be large enough to enable an accurate centering of the filament. Taking into account these two opposing reqUirements as well as the availability of materials, the inside diameter of the column chosen was to be O. 104 cm. T~e filament diameter selected was 0.0102 cm. The penetration depth Z, for this column was calculated as a function of pressure and filament temperature T, for different gases (Fig. 1) . At high Rayleigh numbers, multicellular convection may form inside the column. Using numerical solutions to the Navier-Stokes and energy equations, Thomas and de Vahl Davis 5 analyzed the motion resulting from laminar convection inside a closed vertical annulus. According to their calculations, in annular cavities of length L, multicellular convection should not occur below the critical Rayleigh number
Critical Rayleigh numbers were calculated from Eq. (4) for the gases included in Fig. 1 , and for the temperature and pressure ranges indicated in these figures. In all cases, the critical Rayleigh number was found to be 6-10x1014. It was expected that as long as the Rayleigh number inside the column was less than this critical Rayleigh number, multicellular convection would not occur inside the column. The Rayleigh numbers prevailing during the experiments were estimated using Eg. (3). For the conditions given in Fig. 1 , the calculations gave Rayleigh numbers on the order of 10 5 , whiC,h are about nine orders of magnitude lower than the critical Rayleigh numbers. Therefore, multicellular convection should not occur in the present experiments. Unfortunately, the above expression [Eg. (4) ) for the critical Rayleigh number was developed on the basis of information obtained at low pressure (0. 1 MPa). At higher pressures, multicellular convection could occur at a lower Rayleigh number than that indicated by this expression. Therefore, the validity of this expression and the usefulness of the apparatus had to be checked by experiments. In fact, the data show (Sec. IV) that, at higher pressures, multicellular convection forms at Rayleigh numbers far below the critical Rayleigh numbers given by Eq. (4).
A. Test section
A schematic diagram of the test section is shown in Fig.  2 . The conductivity column (0. 318 cm o.d., 0.104 cm Ld.) was made of stainless steel 304, with a tolerance of ± 0.0025 cm on the inside diameter. Each end of the column was fitted into a 6. 668 cm high and 13. 97 cm stainless steel block. A hole was drilled through the center of the blOCk. The section of the hole adjoining the column was tapered to provide a smooth contact with the top of the column. Above the taper, the hole in the block was first narrowed to O. 397 cm and then was widened to 1. 397 cm diameter. In this widened section, a "spacer" was placed to center the filament. The high pressure gas supply was connected to the test section through a hole drilled into the side of each block.
Two O-ring grooves were machined into the top of each block. The inner 0 ring, made of buna N, served as a high pressure seal, and the other one, made of viton, as a vacuum seal.
The blocks were sealed by 13. 97 cm diam and 3. 175 cm thick stainless steel caps. Commercially available high pressure electrical connectors were inserted into the test section through holes provided in the caps. The caps were fastened to the blocks by six bolts. this spacer, and accordingly the radial position of the filament, could be varied by two pins protruding radially from the spacer. The position of the pins were adjusted by set screws. The filament was roughly centered by first moving it in one direction until it made contact with the wall of the column, and then moving it in the opposite direction until it touched the wall at the other side of the column. The filament was set at half the distance of this movement. The procedure was repeated in a perpendicular direction. By this method, the filament was centered to within ± 0.0051 cm of the central axis of the column. The values of thermal conductivity of argon were then Checked at O. 1 MPa against the values predicted by kinetic theory. If this check revealed a discrepancy, the filament was adjusted until that discrepancy disappeared (Sec. III).
A Tefloncontainerfilled wi~h mercury was placed above the spacer. A lead wire extending from the upper block reached into the mercury container, establishing electrical contact between the filament and the lead wire.
At the lower end of the filament, a 13 g weight was attached to the needle. The needle ended in a Teflon container filled with mercury and placed on the lower cap. The lead wire extending from the lower cap also reached into this container.
The conductivity column was surrounded by a 3.8 cm i. d. plexiglas tube. Water was Circulated inside this tube to provide COOling for the column, The water temperature was measured continuously at its inlet and outlet by copper-constantan thermocouples.
The entire test section was mounted on a steel support fastened to the floor of the laboratory, The column was aligned to within 0.010 of the vertical.
In order to minimize end effects, two conductivity columns electrically connected in series were used in the tests. The two columns were identical except for their lengths which were 33 and 45 cm. The columns were attached to a high vacuum and a high pressure system.
B. High vacuum-high pressure systems
The high vacuum system was made of glass tubing. The apparatus was evacuated by a mechanical pump and a mercury diffusion pump. The pressure was measured with a McLeod gauge in the range of 1 x 10-4 to 25 mm Hg, and with an ionization gauge in the range of 10-8 to 10-4 mm Hg.
The high pressure system consisted of a diaphragm type compressor and stainless steel tubings. The pressure was measured by a U-tube mercury manometer and by four Bourdon t:ube type gages. High purity (99.998%) laboratory grade argon was used in the tests.
C. Electrical system
Power to the filaments was provided by dc power supplies. The voltage drop across each filament was measured by a high precision dc kilovolt standard. The currents through the filaments were determined by placing a precision standard resistor in series with each filament, and by measuring the voltage drop across this resistor by a high precision dc millivolt standard. The precision standard resistor (resistance Ro) was immersed in a constant temperature oil bath maintained at 25°C. Additional details of the apparatus may be found in Ref. 6 .
III. TREATMENT OF THE DATA
Neglecting the convective heat transfer, in the presence of the gas, the heat conducted from the filament is
In vacuum (Q~ 30 0), an energy balance for the filament gives (6) where the superscript indicates measurement in vacuum. In the tests, the voltage drop across both the long and the short filaments, and the voltage drop across the standard resistor, were measured both in vacuum « 2 X 10-3 mm Hg) and in the presence of the gas. These measurements provided the values of filament current versus filament resistance, and the corresponding power losses in vacuum (Q~) and in the presence of the test gas (Qm)'
It was assumed that the temperature distribution and end losses were the same for the short and long filaments.
3 It was further assumed that the radiation heat transfer was nearly the same in vacuum and in the presence of the gas (Q; 30 Qr)' Accordingly, the heat conducted per unit length of the filament was expressed as
The subscripts Land S refer to the long and short filaments, respectively. L f is the length of that portion of the filament which was at the uniform temperature T f :
All parameters appearing on the right hand side of Eq. (7) were determined experimentally. The data are presen ted in Table I . The heat conducted in vacuum Q~ was determined by smoothing graphically the data. The maximum difference between the measured and smoothed values was O. 2%. Q~ was always less than 8% of Qm.
Thus, this procedure introduced a maximum error of 0.016% into Q~. The filament temperature was determined as follows:
The midfilament resistance R f was defined as the resistance per unit length of that portion of the filament which was at the uniform temperature T f :
R Land Rs are the total resistances of the long and short filaments, respectively. The relationship between midfilament resistance R f and temperature T f was establiShed by mounting the filaments inside Pyrex columns and by measuring the midfilament temperature T f with an optical pyrometer while recording the filament resistance. These measurements provided the relationship between R f and T f above 1100 K. The filament resistance at the water bath temperature was also obtained by the method described in Ref. 7. A linear plot of the The thermal conductivity of the gas was calculated from the Fourier equation
where T is the temperature at the radial position r. In order to determine A as a function of T, Eq. (10) must be integrated. To perform this integration, the following relationship between A and Twas assumed 8 :
where a and b are constants which may depend on pressure. By substituting A given by Eq. (11) 
(12) A' is a correction for the temperature drop across the stainless steel column of thickness w(w = O. 107 cm) and thermal conductivity As.:
A" is a correction for temperature jump at the filament surface
where y is the ratio of specific heats, C v is the specific heat at constant VOlume, O! is the thermal accommodation coefficient at the tungsten filament, and i is the mean free path of the gas at the filament temperature. For argon, an accommodation coefficient of O. 8 was used in the calculation of A". 10
A'" is a correction for the thermal expansion of the filament f3 is the coefficient of thermal expansion for tungsten (4.4 x 10-6 K-I ). 11 The total value of the corrections A', A", and A'" were found to be less than O. 5% of A.
Equation (12) shows the relationship between Q). and the filament temperature T f • At each pressure, the constants a and b were determined by drawing a smooth curve through the data given in Table 1 . From this curve, Q). were selected at nine values of T f at 45 K intervals. These values of Q). and T f were used to fit a least squares curve through Eq. (12), providing the values of a and b.
In order to evaluate the performance of the apparatus, the Eucken factor thermal conductivity agreed to within ± 0.4% with the values given by kinetic theory. 14 However, this close agreement between the experimental and theoretical values of f depended upon the proper centering of the filament inside the columns. Therefore, the procedure for centering the filament was repeated each time the filament was replaced.
IV. RESULTS
The thermal conductivity values of argon were measured in the temperature range 400-750 K and in the pressure range 0.1-8 MPa. The maximum temperature and pressure achieved in the experiments were limited to 750 K and 8 MFa, respectively. At higher temperatures and pressures, multicellular convection appeared in the column. This convection was evidenced by periodic fluctuations in the voltage drop across the filament. The filament was then mounted inside a Pyrex tube and periodic changes in color along the filament were observed. These color changes correspond to changes in filament temperature, giving further evidence of the existence of convection patterns. For argon at 8 MPa and 750 K, the Rayleigh number was about 5 x 10 4 . This is a much lower value than the critical Rayleigh number Ra crtt predicted by Eq. (4). This lower Rayleigh number appears to be the actual critical Rayleigh number for this apparatus. Maximum temperatures and pressures which correspond to this Rayleigh number are listed in Table II The observation that b is independent of pressure suggests that the thermal conductivity may be expressed as (17) where AT (Wm-1I{'"1) is a function of temperature only, and Ap is a dimensionless function of pressure only. For convenience, we took AT to be the thermal conductivity of argon at O. 1 MPa and represented this thermal conductivity by AO:
Ap was expressed as
Ap(P) = 1 + A (P;oPo) +B(;oPOY+c(P;opoY, (19) where Po is a reference pressure (0. 1 MPa); A, B, and C are constants; and P is in MPa. Thus, the thermal conductivity of argon as a function of temperature and pressure was written as
A=Ao(l+A(P;oP O ) + B(P;;OY+ c(P;:QJ]
. • Fourth and fifthorder polynomials in pressure did not improve the correlation.
In Fig. 4 , a comparison is given between the measured heat conduction (Table I ) and the heat conduction calculated using thermal conductivity values given by Eq. (20). It can be seen from this figure that the maximum difference between the measured and calculated values of heat conduction was 0.7%. A detailed error analysis of the data was also made (Appendix I). The most probable random error in the data was estimated to range from 1. 51% to 1. 78%. The maximum systematic error was estimated to be 1. 0%.
The thermal conductivity values obtained here were compared to the values reported in the literature. A large number of the thermal conductivity values for argon are available at O. 1 MPa (T = 400-750 K). Detailed comparison with the available data was not made at O. 1 MPa, because at this pressure close agreement was found between the theoretical and experimental Eucken factors (Fig. 3) .
Thermal conductivity values for argon at high temperatures and high pressures were reported by Vargaftik, 13 Le Neindre and co-workers,15 Keyes and Vines, 16 and Moszynski and Singh. 11 The values of A obtained in this investigation lEq. (20)] were compared to those reported previously (Fig. 5) . The results of the experiments presented here agree with those of Vargaftik to within 2. 5%, the agreement being better at low pressures. The one exception is at 8 MPa and at 400 K, where the values differ by 4%. The present values agree with the values reported by Le Neindre et al. to within 2. 4%.
Comparison between the present results and those of Keyes and Vines shows agreement to within 2. 5%. It should be noted that in this comparison the equation for A given by Keyes and Vines was used.
Moszynski and Singh expressed A as a function of the density of argon in the density range of O. 6 to 533. 5 amagat. The densities were converted to pressures using the relationship between density and pressure given by Michels and Wijker. 18 The present results and those reported by Moszynski and Singh agree to within 1. 5%.
It is noted that the previous data scatter around the present A values in a random manner. In order to assess the accuracies of the previous data, the Eucken factors were calculated using the thermal conductivity values reported in Refs. 13 and 15-17 (Fig. 3) . The data of Vargaftik, 13 Le Neindre et al. , 15 and Moszynski and Singh l1 result in Eucken factors which change with temperature. The data of Keyes and Vines 16 yield Eucken factors which are about 2% lower than the kinetic theory value.
Finally, the experimental thermal conductivity values of argon [Eq. (20) ) were compared to the thermal conductivity values calculated using Enskog'sl4 model developed for nonattracting rigid spherical molecules (Appendix B). The maximum difference between the experimental and theoretical thermal conductivity values was 1. 4% (Table IV) . 
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In order to estimate the most probable errors associated with the present experiments, Eq. (AI) was applied to each of the measurements. The filament resistance per unit length is (LL -Ls) where V L , V s , and V STD are the voltage drops across the long and short filaments and across the standard resistor of resistance R STD ' respectively. By applying Eq. (AI) to (A2), we obtain 2 p2 2 p2
The probable errors associated with the various instruments as specified by the manufacturer were The heat conducted per unit length of the filament is
Following the foregoing procedure, the most probable random error in Q~ was estimated to be in the range of O. 240%-0. 396%.
In smoothing the current I versus resistance R curve in vacuum, 70% of the data points were within O. 1 % of the smoothed curve. By applying the procedure described above, the total error caused by smoothing was found to be 0.14%. The heat transfer in a vacuum was at most 8% of the heat transfer in the presence of the gas. Thus, the error caused by smoothing the I versus R Curve in vacuum introduced into A a maximum random error of O. 01 %.
The uncertainties introduced into T f due to uncertainties in R f (0. 17%-0. 28%), in' pyrometer reading (-O. 85%), and in relating R f to T f (0.25%) were 1.27% to 1. 38%. The sum of the most probable random error in Qll and T f (and consequently in A) was in the range of 1. 51 %-1. 78%.
The systematic error in the calculation of A' depended on the test section geometry, on A(T b ), and on Ass' The column diameters were known within 2. 5%, the filament diameters within 12%, and values of A (T b ) The systematic error in T f (and consequently in A) due to neglecting changes in the emissivity of the filament with temperature and absorption by the glass column was estimated to be O. 5%.
A maximum systematic error introduced by the filament being off center was estimated to be O. 4%. The sum of foregOing systematic errors was about 1. 0%.
APPENDIX B. CALCULATION OF THE THERMAL CONDUCTIVITY OF ARGON USING THE ENSKOG MODEL

Enskog
14 developed the following equation to represent the effect of pressure on thermal conductivity for nonattracting rigid spherical molecules: In order to calculate the value of boAQ from Eq. (B5), the value of (A/ P)miD must be obtained. The value of (AI P)miD can be determined by plotting A/ p versus boPx or p at the temperature of interest. The determination of this (A/ P)miD requires that the experimental thermal conductivity values for argon be available for a range of pressure (density) determined by the temperature of interest. For temperature above 400 K, such data are available only for 423.2 and 473.2 K. Therefore, the values of (A/ P)miD were obtained at T = 423. 2 and T = 473.2 K by plotting the values of (A/ p) and the corresponding values of p as shown in Fig. 6 . By substituting these values of (AI P)min at 423. 2 and 473.2 K into Eq. (B5), the corresponding values of the product bOAo at these same temperatures were obtained. These values are listed in Table V. In order to calculate boPx, Enskog suggested the following relationship: 
(B6)
<R is a universal gas constant. written as Equation (B6) can be rez P (aPR) bQPX=~ ---1.
P aTR • (B7)
Zc is the critical compressibility factor, Pc is the critical density, and P R and TR are the reduced pressure and temperature, respectively. To calculate boPx from Eq. (31), (apR/aT R ) •. must be known. Values of P R and TR were obtained from experimental P-V -T data 13 at a constant density corresponding to the temperature and pressure at which the thermal conductivity of argon was to be calculated. For each density, the values of P R were plotted against the corresponding values of TR and a straight line was passed through these pOints. The slope of the straight line provided a value of (apR/aT R ) •. For each density, the value of (apR/aT R ). is tabulated in Table V . Actual graphs for P R versus TR are not plotted here but could be reproduced using the experimental data. 13 Once the values of (apR/aT R ). at each desired density were known, the value of bopx for each density was obtained from Eq. (B7). These are tabulated in Table V .
By substituting the values of boAo and bopx for each density (or pressure) into Eq. (B1), values of thermal conductivity for argon were calculated and tabulated in Table IV. 
